Abstract. Apigenin is a natural flavonoid that exhibits antiproliferative activity and induces apoptosis in various types of cancer, including colon cancer. The aim of the present study was to determine the mechanism underlying the apoptosisinducing effect of apigenin in colon cancer. Apigenin reduced the proliferation of colon cancer cell lines, stimulated the cleavage of PARP and induced apoptosis in a dose-dependent manner. Apigenin treatment also suppressed the expression of the anti-apoptotic proteins Bcl-xL and Mcl-1. Small interfering RNA was used to knockdown Bcl-xL and Mcl-1 expression alone and in concert, and the proliferation and apoptosis of cancer cells were subsequently measured. The knockdown of Bcl-xL and Mcl-1 expression together markedly suppressed cell proliferation and induced apoptosis. Apigenin treatment also inhibited the phosphorylation of signal transducer and activator of transcription 3 (STAT3), which targets Bcl-xL and Mcl-1. The results of the current study therefore determined that apigenin induces the apoptosis of colon cancer cells by inhibiting the phosphorylation of STAT3 and consequently downregulates the anti-apoptotic proteins Bcl-xL and Mcl-1.
Introduction
Colon cancer is the second leading cause of cancer-associated mortality in the United States (1). The current standard treatment for patients with colon cancer is surgical resection followed by chemotherapy (2) . However, patients that experience recurrence following surgery or are diagnosed when they are at an advanced stage colon cancer are difficult to treat, despite the development of novel chemotherapeutic regimens and molecular targeted therapy (3) . In addition, continuous chemotherapy and molecular targeted therapy induce toxicity in normal tissues. Therefore, novel treatments are required that do not induce these problems in patients.
Apoptosis is a form of regulated cell death that results in the removal of damaged or potentially harmful cells (4) . The Bcl-2 family of proteins consists of pro-(Bax and Bak) and anti-apoptotic proteins (Bcl-xL and Mcl-1) and they regulate apoptosis (5) . Apoptosis is stimulated by the downregulation of anti-apoptotic proteins and/or the upregulation of proapoptotic proteins. Changes in the balance of these proteins promote the permeability of the outer membrane of mitochondria, resulting in the release of cytochrome c and the induction of apoptosis via the caspase cascade (6) . Therefore, targeting the Bcl-2 family proteins, particularly the anti-apoptotic proteins, may be a novel method of treating cancer (7) (8) (9) (10) .
Apigenin is a common flavonoid and is present in many plants, fruits and vegetables, including oranges, onions, parsley, tea, chamomile, wheat sprouts and certain seasonings (11) . One of the most common sources of consumed apigenin is chamomile tea, which is prepared from the dried flowers of Matricaria chamomilla (12) . Apigenin possesses remarkable anti-inflammatory, -oxidant and -carcinogenic properties, and inhibits the proliferation, arrests the cell cycle and induces apoptosis in various types of cancer, including breast, lung, liver and ovarian cancer, without affecting healthy cells. It has been demonstrated that apigenin reduces the expression of Mcl-1 in colon cancer cells (13) . However, to the best of our knowledge, the mechanism by which apigenin affects the Bcl-2 family of proteins in colon cancer remains unknown.
The signal transducer and activator of transcription (STAT) family consists of cytoplasmic transcription factors that form dimers upon phosphorylation, interact with other transcriptional modulators that migrate to the nucleus and bind to specific promoter sequences to induce gene expression (14) .
Several studies have demonstrated that STAT family proteins, including STAT3 and STAT5, recognize constitutive activity in different types of human cancer cells and stimulate the progression and development of human cancer (15, 16) . Inhibition of STAT3 or STAT5 activation is associated with the suppression of cancer growth and the induction of cell death (17, 18) . Previous studies have demonstrated that apigenin exhibits an antitumor effect in different types of cancer by inhibiting the STAT3 signaling pathway (19, 20) . However, the effect of apigenin on the interaction between STAT signaling and the expression of Bcl-2 family proteins in colon cancer cells has not yet been investigated.
The present study demonstrated that apigenin induces the apoptosis of colon cancer cells by downregulating Bcl-xL and Mcl-1 expression via inhibition of the STAT signaling pathway. These results demonstrate that apigenin may be used as a novel therapeutic method of treating patients with colon cancer. Human recombinant interleukin-6 (IL-6) and human recombinant soluble IL-6 receptor were purchased from PeproTech, Inc. (Rocky Hill, NJ, USA). IL-6 was used supplemented with soluble IL-6 receptor (40 ng/ml).
Materials and methods

Reagents
Cell culture. The human colon cancer cell lines HT29, DLD-1, COLO320 and HCT116 were obtained from the American Type Culture Collection (Manassas, VA, USA). HT29 (KRAS wild-type) cells were cultured in Dulbecco's modified Eagle's medium (Sigma-Aldrich; Merck KGaA, Darmstadt, Germany) supplemented with 10% fetal bovine serum (FBS; Thermo Fisher Scientific, Inc., Waltham, MA, USA) and 1% antibiotic-antimycotic (Sigma-Aldrich; Merck KGaA). DLD-1 (KRAS mutant-type) and COLO320 (KRAS wild-type) cells were cultured in RPMI-1640 medium (Sigma-Aldrich; Merck KGaA) supplemented with 10% FBS and 1% antibioticantimycotic. HCT116 (KRAS mutant-type) cells were cultured in McCoy's 5A medium (Thermo Fisher Scientific, Inc.) supplemented with 10% FBS and 1% antibiotic-antimycotic. All cell lines were maintained at 37˚C in a humidified incubator containing 5% CO 2 .
Patients and tumor samples. Colon cancer tissue samples were obtained from 40 patients (25 males and 15 females) with Stage Ⅳ colon cancer who had undergo surgery at the Nagoya City University Hospital (Nagoya, Japan) between January 2012 and December 2014. Resected specimens were staged by pathological evaluation according to the Japanese Classification of Colorectal Carcinoma (21) . The mean age of the patients was 66.2±10 years (range, 37-88 years). All patients gave their written informed consent for the use of their tissue samples in the present study.
Immunohistochemistry. Resected specimens were fixed with formalin at room temperature for 2 days. Formalin-fixed, paraffin-embedded sections 4-µm-thick were deparaffinized in xylene and hydrated in graded alcohols. Following washing with running water, samples were soaked in soak in 10 mM citric acid buffer (9 ml 0.1 M citric acid + 41 ml 0.1 mM trisodium citrate dihydrate + 450 ml distilled water) and boiled for 10 min. Following 3 washes with PBS (5 min/time) the slide was immersed in a mixture of 1.5 ml 30% hydrogen peroxide solution and 150 ml 100% methanol for 30 min to block endogenous peroxidase. Following washing with PBS, slides were blocked with 400 µl 4% Block Ace ® Powder (cat. no. UK-B80; DS Pharma Biomedical Co., Ltd., Osaka, Japan) for 10 min in a humidity box at room temperature. Subsequently, slides were incubated with primary antibodies against Bcl-xL (1:300) and Mcl-1 (1:100) onto at 4˚C overnight. Following washing with PBS, slides were incubated with 100 µl secondary antibody (EnVision + Single Reagents HRP; cat. no. K4003; Dako; Agilent Technologies, Inc.) for 45 min at room temperature. The detection step was performed using Liquid DAB + Substrate Chromogen System (cat. no. K3467; Dako; Agilent Technologies, Inc.) for 10 min at room temperature and the sections were counterstained with hematoxylin for 30 sec at room tenmperature. Slides were analyzed using a light microscope (magnification, x400). Ethical approval for the use of human tissue was granted by the Graduate School of Medicine, Nagoya City University (Nagoya, Japan) and all patients provided their informed consent for the use of their tissues in the current study.
Preparation of apigenin. Apigenin was dissolved in dimethyl sulfoxide (DMSO; Wako Chemicals GmbH, Neuss, Germany) to produce 50 mM stock solutions that were aliquoted and stored at -28˚C prior to use. Stock solutions were diluted with culture medium to the indicated concentrations (final DMSO concentration, 0.1%).
Transfection of small interfering (si)RNA. Bcl-xL siRNA (5 nM, ID#:s1922; forward, 5'-GGAACUCUAUGGGAACAAUTT-3' and reverse, 5'-AUUGUUCCCAUAGAGUUCCAC-3'), Mcl-1 siRNA (5 nM, ID#:s8583; forward, 5'-CCAGUAUACUUCUU AGAAATT-3' and reverse, 5'-UUUCUAAGAAGUAUACUG GGA-3'), negative control siRNA (5 nM, cat. no. 4390843, Silencer Select Negative Control #1) and STAT3 siRNA (5 nM, ID#:s744, sequence: forward, 5'-GGCUGGACAAUAUCAUU GATT-3' and reverse, 5'-UCAAUGAUAUUGUCCAGCCAG-3') were purchased from Thermo Fisher Scientific, Inc. On the day before siRNA transfection, DLD-1 and HCT116 cells (1.0x10 4 cells) were seeded to 60-80% confluence in their respective growth mediums without antibiotics. siRNAs and Lipofectamine RNAiMAX were diluted in Opti-MEM medium (both from Thermo Fisher Scientific, Inc.), mixed gently and incubated for 10-20 min at room temperature. Cells were transfected by adding the siRNA-Lipofectamine RNAiMAX complex dropwise to the medium to achieve a siRNA final concentration of 100 nM. Cells were incubated at 37˚C in a CO 2 incubator and knockdown efficiency was evaluated 24 h post-transfection.
DNA fragmentation assay. Cells (5x10 5 /well) were seeded into 6-well culture plates and incubated at 37˚C overnight. Medium was replenished with serum-free medium and incubated for a further 4 h. Cells were then treated with apigenin at various doses 0, 5, 15 and 50 µM or transfected to target Bcl-xL, Mcl-1 or Bcl-xL and Mcl-1 together. DNA fragmentation was analyzed using a Cell Death Detection ELISA Plus kit (Sigma-Aldrich; Merck KGaA) following the manufacturer's protocol. The degree of apoptosis was evaluated using an enrichment factor (mU of treated cells/mU of non-treated cells).
Cell proliferation assay. The effect of apigenin or siRNA on cell proliferation was measured using WST-1 and BrdU assays. Each assay was performed at least three times. The WST-1 assay was performed using a Premix WST-1 cell proliferation assay system (Takara Bio, Inc., Tokyo, Japan). Cells (5x10 3 -5x10 4 /well) were seeded into 96-well tissue culture plates and incubated at 37˚C overnight. Cells were treated with 0, 5, 15 and 50 µM apigenin or transfected to target Bcl-xL, Mcl-1 or Bcl-xL and Mcl-1 together in serum-free medium. After 48 h, the medium was removed and replaced with fresh medium (90 µl/well) containing Premix WST-1 (10 µl/well). Cells were then incubated at 37˚C for 2 h. Absorbance was measured using a plate reader at 450 nm. The BrdU assay was performed using BrdU Cell Proliferation ELISA kit (colorimetric; cat. no. ab126556; Abcam, Cambridge, MA, USA), following the manufacturer's protocol. Cells (5x10 3 -5x10 4 /well) were seeded into 96-well tissue culture plates and incubated at 37˚C overnight. Cells were treated with 0, 5, 15 and 50 µM apigenin or transfected to target Bcl-xL, Mcl-1, or Bcl-xL and Mcl-1 together in serum-free medium for 32 h at 37˚C. A total of 20 µl 1/500 diluted BrdU was added and incubated for 16 h at room temperature. Subsequently, fixing solution was added for 30 min at room temperature to fix and permeabilize cells, and denature the DNA. Subsequently, anti-BrdU antibody was added to each well for 1 h and peroxidase-conjugated goat anti-mouse immunoglobulin G antibody was added for 30 min. Incubation with primary and secondary antibodies was performed at room temperature. Finally, 3,3',5,5'-tetramethylbenzidine peroxidase substrate was added to each well and following incubation in the dark for 30 min, stop solution was added to each well. Absorbance was measured at 450 nm using a microplate reader.
Identifying the mechanism of action of apigenin. Western blotting was performed to identify the mechanism of action of apigenin. Cells (DLD-1, HCT116: 1x10 6 /dish) were seeded in 4 dishes and incubated at 37˚C overnight. The following day, cells were treated with 0, 5, 15 and 50 µM IL-6 in serum-free medium for 48 h. Proteins were the extracted and expression of p-STAT3 was evaluated by western blotting.
Cells (DLD-1, HCT116: 1x10 6 /dish) were seeded in 4 dishes and incubated at 37˚C overnight. The following day, cells were treated with or without 50 µM (DLD-1), 15 µM (HCT 116) apigenin for 2 h and then with or without 50 µM IL-6 for a further 48 h. Proteins were extracted and expression of p-STAT3, Bcl-xL and Mcl-1 was evaluated by western blotting.
Western blot analysis. Protein samples were prepared in radioimmunoprecipitation lysis buffer with Protease Inhibitor Single Use Cocktail and Phosphatase Inhibitor Cocktail (all from Thermo Fisher Scientific, Inc.). Protein concentrations were measured using a BCA protein assay kit (Thermo Fisher Scientific, Inc.). Equal amounts of protein extract were denatured by boiling at 90˚C for 5 min. Proteins (20 µg) were fractionated on 4-15% Mini-PROTEAN TGX gels and transferred to nitrocellulose membranes (both from Bio-Rad Laboratories, Inc., Hercules, CA, USA). The primary and secondary antibody reactions were performed using an iBind Flex Western System (Thermo Fisher Scientific, Inc.). Membranes were incubated with iBind Flex Solution (iBind Flex Buffer, iBind Flex Additive and distilled water) for 10 min at room temperature to block nonspecific binding. Primary (Bcl-xL, Mcl-1, STAT3, p-STAT3, STAT5, p-STAT5, PARP and GAPDH) and secondary (polyclonal goat anti-rabbit IGs conjugated to HRP) antibody reactions were performed at room temperature for 2.5 h, following the manufacturer's protocol. Protein-antibody complexes were visualized using SuperSignal West Pico Chemiluminescent Substrate or SuperSignal West Femto Chemiluminescent Substrate (Thermo Fisher Scientific, Inc.). The immunoreactive protein band was detected and band density was quantified by densitometry using an Amersham Imager 600 (GE Healthcare Life Sciences, Little Chalfont, UK).
Statistical analysis. All statistical analyses were performed using EZR software (Easy R) version 1.27 (Saitama Medical Center, Jichi Medical University, Saitama, Japan). All data are presented as the mean ± standard deviation. Statistical comparisons with paired observations were determined using the Student's t-test. Comparisons of more than two groups were made by a one-way analysis of variance followed by Dunnett's test. P<0.05 was considered to indicate a statistically significant difference.
Results
Apigenin reduces the proliferation of colon cancer cells.
To investigate whether apigenin inhibits the proliferation of colon cancer cells, four colon cancer cell lines (HT29, DLD-1, COLO320 and HCT116) were treated with 0, 5, 15 and 50 µM apigenin for 48 h. Cell proliferation was measured using WST-1 (Fig. 1A) and BrdU (Fig. 1B) assays. The results demonstrated that apigenin significantly reduced the proliferation of all four colon cancer cell lines in a dose-dependent manner.
Apigenin induces apoptosis in colon cancer cells via a caspasedependent pathway.
To investigate whether the inhibition of cell proliferation by apigenin was due to the induction of apoptosis, four colon cancer cell lines were exposed to various doses of apigenin for 24 h and the degree of DNA fragmentation in the cells was then measured. The results demonstrated that apigenin induced DNA fragmentation in a dose-dependent manner in all four colon cancer cell lines (Fig. 2A) .
Subsequently, it was determined whether the effect of apigenin on apoptosis was mediated by caspase activation. The four colon cancer cell lines were treated with various doses of apigenin for 24 h and the cleavage of PARP was evaluated by western blotting. The results demonstrated that apigenin induced the cleavage of PARP in a dose-dependent manner (Fig. 2B) . In HCT116 cells, the apoptosis-inducing effect of 50 µM apigenin was weaker than that of 15 µM apigenin. However, as presented in Fig. 1 , the suppression of cell proliferation in HCT116 occurred in a dose-dependent manner, with 50 µM apigenin inducing the most marked inhibition. Thus, it was considered that this phenomenon may involve other processes, as well as apoptosis, such as necrosis. Therefore, only 5 and 15 µM apigenin were used to treat HCT116 cells in subsequent experiments investigating the effects of apigenin on the apoptosis of colon cancer cells. against DNA damage-induced apoptosis. Therefore, the present study investigated the effect of apigenin on the expression of anti-apoptotic Bcl-2 family proteins. The four colon cancer cell lines were exposed to various doses of apigenin for 24 h and (Fig. 3) .
Apigenin downregulates the expression of the anti-apoptotic
The simultaneous downregulation of Bcl-xL and Mcl-1 strongly induces apoptosis via a caspase-dependent pathway in colon cancer cells.
Apigenin downregulated the expression of Bcl-xL and Mcl-1; therefore, it was hypothesized that the anti-apoptotic Bcl-2 family proteins Bcl-xL and Mcl-1 are involved in apigenin-induced apoptosis. To determine whether this was the case, the DLD-1 and HCT116 cell lines were used.
As a preliminary experiment, immunostaining of clinical specimens of colon cancer was performed. The results demonstrated that expression of Bcl-xL was very strong in colon cancer and that the expression of Mcl-1 was relatively weak (data not presented). Since these data were in accordance with the results of western blotting regarding Bcl-xL and Mcl-1 expression in the DLD-1 and HCT116 cell lines, the following experiments were performed on these two cell lines.
Cells were transfected with siRNA targeting Bcl-xL, Mcl-1, or Bcl-xL and Mcl-1 together. Transfection with the siRNAs downregulated Bcl-xL and MCl-1 expression in DLD-1 and HCT116 cells (Fig. 4A) . To investigate whether transfection with siRNA inhibits colon cancer cell proliferation, DLD-1 and HCT116 cells were transfected with siRNA targeting Bcl-xL, Mcl-1, or Bcl-xL and Mcl-1 together for 48 h. Cell proliferation was measured using WST-1 (Fig. 4B ) and BrdU assays (Fig. 4C) . Downregulation of Bcl-xL alone or Mcl-1 alone reduced cell proliferation. However, the simultaneous downregulation of Bcl-xL and Mcl-1 significantly reduced the proliferation of the two cell lines.
Subsequently, it was determined whether transfection with siRNA induces apoptosis in colon cancer cells. DLD-1 and HCT116 cells were transfected with siRNA targeting Bcl-xL, Mcl-1, or Bcl-xL and Mcl-1 together for 24 h. Subsequently, the degree of DNA fragmentation in the cells was measured. Downregulation of Bcl-xL or Mcl-1 alone induced DNA fragmentation in DLD-1 and HCT116 cells. However, the simultaneous downregulation of Bcl-xL and Mcl-1 significantly induced DNA fragmentation (Fig. 4D) .
Subsequently, it was determined whether the effect of the simultaneous downregulation of Bcl-xL and Mcl-1 on apoptosis was mediated by the activation of caspases. DLD-1 and HCT116 cells were transfected with siRNA targeting Bcl-xL, Mcl-1 or Bcl-xL and Mcl-1 together for 24 h and the degree of PARP cleavage was evaluated using western blotting. Downregulation of Bcl-xL or Mcl-1 alone slightly increased the cleavage of PARP in DLD-1 and HCT116 cells. However, the simultaneous downregulation of Bcl-xL and Mcl-1 significantly increased the cleavage of PARP in the two cell lines (Fig. 4E) , which was consistent with the results of the cell proliferation and DNA fragmentation studies. These results suggest that the simultaneous downregulation of Bcl-xL and Mcl-1 strongly induces the apoptosis of colon cancer cells.
Apigenin reduces constitutive STAT3 phosphorylation and siRNA targeting STAT3 downregulates the expression of
Bcl-xL and Mcl-1. To further investigate the mechanism by which apigenin induces apoptosis, the effect of apigenin on the expression of p-STAT3 and STAT5 in DLD-1 and HCT116 cells was investigated. DLD-1 and HCT116 cells were exposed to various doses of apigenin for 24 h, then the expression of p-STAT3, p-STAT5 and total STAT3, STAT5 were measured by western blotting. Levels of p-STAT3 significantly decreased in a dose-dependent manner; however, apigenin treatment did not affect the total amount of STAT3 expression (Fig. 5A) . Furthermore, apigenin did not affect the expression of p-and total STAT5 (Fig. 5B) . Subsequently, it was determined whether Bcl-xL and Mcl-1 were downregulated by STAT3 knockdown. DLD-1 and HCT116 cells were transfected with siRNA targeting STAT3 for 24 h and subsequently the expression of Bcl-xL and Mcl-1 were measured using western blotting. The results demonstrated that levels of Bcl-xL and Mcl-1 were significantly downregulated in DLD-1 and HCT116 cells following transfection with siSTAT3 (Fig. 5C ).
Apigenin suppresses Bcl-xL/Mcl-1 via STAT3 signaling.
It has been reported that IL-6 leads to STAT3 phosphorylation by activating janus kinase (22) . DLD-1 and HCT116 cell lines were administered various doses of IL-6 for 48 h and the expression of p-STAT3 was measured using western blotting. The results indicated that p-STAT3 expression increased in a dose-dependent manner following treatment with IL-6 (Fig. 6A) . Subsequently, 50 µM IL-6 was administered to cells 2 h following treatment with apigenin. After 48 h, levels of p-STAT3, Bcl-xL and Mcl-1 were measured and it was demonstrated that the expression of p-STAT3, Bcl-xL and Mcl-1 significantly increased following stimulation with IL-6; however, this increase was almost completely reversed following administration of apigenin (Fig. 6B) . Therefore, it was suggested that apigenin suppresses the expression of Bcl-xL and Mcl-1 via STAT3 signaling (Fig. 6C) .
Discussion
The results of the current study demonstrated that the natural dietary flavonoid, apigenin, reduces proliferation and induces apoptosis in colon cancer cells. It was also demonstrated that apigenin induces apoptosis by suppressing Bcl-xL and Mcl-1 and that apigenin downregulated Bcl-xL and Mcl-1 by inhibiting the phosphorylation of STAT3.
Apigenin is found in many fruits and vegetables and is one of the most bioactive flavonoids (12) . Apigenin exhibits low cytotoxicity and has a marked effect on cancer cells compared with normal cells (23) . It has been reported that apigenin reduces cell proliferation and induces apoptosis in colon cancer cells (24) (25) (26) . However, the detailed mechanism of apigenin-induced apoptosis of colon cancer cells remains unknown. Therefore, the molecular mechanism by which apigenin induces apoptosis in colon cancer cells was assessed in the current study.
The results demonstrated that the apoptosis inducing effect of apigenin is mediated via the caspase cascade; therefore, it was postulated that the anti-apoptotic Bcl-2 family proteins are involved in the apoptosis-inducing effect of apigenin. Apigenin suppressed the expression of Bcl-xL and Mcl-1 in all four colon cancer cell lines. Previous studies demonstrated that apigenin suppresses the expression of various anti-apoptotic Bcl-2 family proteins, including Bcl-xL, Mcl-1 and Bcl-2 in several cancer cell lines (27, 28) . However, it has only been demonstrated that apigenin suppresses Bcl-xL and Mcl-1 in bladder cancer and multiple myeloma cell lines (29, 30) . To the best of our knowledge, the current study is the first to report that apigenin suppresses the expression of Bcl-xL and Mcl-1 in colon cancer cells. Shao et al (13) reported that apigenin reduces Mcl-1 expression and sensitizes the Bcl-2 homology domain 3 mimetic ABT-263. These results are similar to those of the current study, although they did not measure Bcl-xL expression. The results of present study demonstrated that apigenin simultaneously reduces Bcl-xL and Mcl-1 expression and strongly induces apoptosis in colon cancer cells, suggesting that apigenin itself exhibits strong antitumor activity in colon cancer cells.
The anti-apoptotic Bcl-2 family of proteins serve a protective role against various apoptotic stimuli (31). The overexpression of anti-apoptotic Bcl-2 family proteins, including Bcl-xL and Mcl-1, is observed in different types of human cancer and this overexpression is involved in the development of resistance to treatments such as chemotherapy, as well as in cell survival (32, 33) . In the present study, the overexpression of Bcl-xL and Mcl-1 was observed in four colon cancer cell lines. Therefore, these proteins may be effective therapeutic targets Four colon cancer cell lines were used in the current study. HT-29 and COLO320 are KRAS wild-type whereas DLD-1 and HCT116 are KRAS mutant-type cells. Furthermore, the BRAF mutation status (V600E) of DLD-1 and HCT116 is wild-type and that of HT-29 is mutant (38) . Anti-EGFR therapy, which is effective at treating patients with wild-type colon cancer, however, it generally ineffective against KRAS or BRAF mutant colon cancer. However, the results of the present study demonstrated that apigenin exhibited a similar effect in all colon cell lines regardless of KRAS or BRAF status. Therefore, apigenin may be beneficial at treating patients with wild-type and mutant KRAS or BRAF colon cancer.
Apigenin may be an effective method of treating patients with colon cancer; however, the mechanism by which apigenin induces an antitumor effect in colon cancer has not been reported. Shan et al (39) reported that apigenin induces an antitumor effect by inhibiting pyruvate kinase M2 (PKM2) activity via blocking of the β-catenin/c-Myc/polypyrimidine tract-binding protein 1 signaling pathway. McVean et al (40) reported that apigenin induces G2/M arrest by inhibiting p34 cyclin-dependent kinase protein expression and activity in a p21-independent manner. However, the results of the current study indicated that apigenin induces an antitumor effect by inhibiting the anti-apoptotic proteins Bcl-xL and Mcl-1 via the STAT3 signaling pathway. This suggests that apigenin acts on various pathways and may therefore be developed as a novel treatment for colon cancer. Furthermore, it was confirmed that Bcl-xL and Mcl-1 are strongly expressed in more advanced colon cancer by immunostaining. This suggests that apigenin may be effective at treating patients with advanced colon cancer.
In conclusion, the results of the current study demonstrated that apigenin induces apoptosis by two anti-apoptotic proteins, Bcl-xL and Mcl-1, via the STAT3 signaling pathway in colon cancer cells. It was also demonstrated that the simultaneous suppression of Bcl-xL and Mcl-1 induces strong apoptosis in colon cancer cells. These data suggest that Bcl-xL and Mcl-1 are important therapeutic targets in colon cancer and that apigenin may be developed as an effective therapeutic agent for colon cancer by simultaneously suppressing the expression of these two proteins.
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